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SINGLE MODE 

WHISPERING-GALLERY-MODE 

RESONATOR 

This application claims the benefit of U.S. Provisional 5 
Application No. 60/628,725 entitled “Single Mode Dielectric 
Whispering Gallery Mode Resonator” and filed Nov. 17, 
2004. 

FEDERALLY SPONSORED RESEARCH OR io 

DEVELOPMENT 

The invention described herein was made in the perfor- 
mance of work under a NASA contract, and is subject to the 
provisions of Public Law 96-517 (35 U.S. C. 202) in which the 15 
Contractor has elected to retain title. 

BACKGROUND 

This application relates to resonators for electromagnetic 20 
signals such as optical resonators and microwave resonators. 

An optical material such as a dielectric material may be 
shaped to construct an optical whispering-gallery-mode 
(“WGM”) resonator which supports a special set of resonator 
modes known as whispering gallery (“WG”) modes. These 25 
WG modes represent optical fields confined in an interior 
region close to the surface of the resonator due to the total 
internal reflection at the boundary. Microspheres with diam- 
eters from few tens of microns to several hundreds of microns 
have been used to form compact optical WGM resonators. 30 
Such spherical resonators include at least a portion of the 
sphere that comprises the equator of the sphere. The resonator 
dimension is generally much larger than the wavelength of 
light so that the optical loss due to the finite curvature of the 
resonators is small. As a result, a high quality factor, Q, e.g., 35 
greater than 1 0 9 , may be achieved in such resonators . Hence, 
optical energy, once coupled into a whispering gallery mode, 
can circulate within the WGM resonator with a long photon 
life time. Such hi-Q WGM resonators may be used in many 
optical applications, including optical filtering, optical delay, 40 
optical sensing, lasers, and opto-electronic oscillators. 

SUMMARY 

This application describes whispering gallery mode reso- 45 
nators that are structured to spatially confine electromagnetic 
energy in a single whispering gallery mode. In one imple- 
mentation, an exemplary device is described to include a 
cylindrical rod of a material comprising a protruded belt 
region symmetric around a longitudinal axis of the cylindrical 50 
rod to form an optical resonator. The height of the protruded 
belt region along the longitudinal axis is set to be sufficiently 
small so that the protruded belt region supports a single whis- 
pering gallery mode circulating around the protruded belt 
region. 55 

In another implementation, an exemplary device is 
described to include a whispering-gallery-mode resonator 
shaped symmetrically around a symmetry axis and having an 
equator in a circular cross section of the resonator that is 
perpendicular to the symmetry axis. The resonator is shaped 60 
to comprise a protruded belt region at the equator and a height 
of the protruded belt region along the symmetry axis is set 
between a first height threshold and a second height threshold 
to support energy in a single whispering gallery mode. The 
protruded belt region does not support any whispering gallery 65 
mode when the height of the protruded belt region is less than 
the first height threshold, and the protruded belt region sup- 
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ports at least two whispering gallery modes when the height 
of the protruded belt region is greater than a second height 
threshold. 

These and other implementations and their properties, 
operations and fabrications are described in greater detail in 
the attached drawings, the detailed description and the 
claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 1, 2 and 3 illustrate three geometries of whispering 
gallery mode resonators. 

FIGS. 4A and 4B show examples of a disk-shaped and 
ring-shaped whispering gallery mode resonators. 

FIGS. 5A and 5B illustrate two light coupling configura- 
tions for whispering gallery mode resonators. 

FIG. 6 A shows spatial confinement of light along the sym- 
metry axis of a whispering gallery mode that leads to a single 
mode resonator. 

FIG. 6B shows the optical core and cladding in a fiber as an 
analogy to the spatial confinement in the whispering gallery 
mode resonator in FIG. 6A. 

FIG. 7 illustrates one example of a single mode WGM 
resonator made from a rod that has a protruded belt region to 
support the single WG mode. 

FIGS. 8 and 9 show measured spectra of two exemplary 
single mode WGM resonators. 

FIG. 10A shows the waveguide structure of an optical fiber 
and mode localization by the spatial change of index from the 
fiber core to the fiber cladding. 

FIG. 10B shows a multimode WGM resonator where the 
mode localization is achieved by the spatial confinement via 
the resonator shape while the index of the resonator mat erial 
may be a constant. 

FIG. IOC shows a single-mode WGM resonator having a 
protruded belt region. 

FIG. 11 shows examples of single mode and multimode 
WGM resonators formed on a rod with two different pro- 
truded belt regions. 

FIG. 12 shows measured spectra of the two WGM resona- 
tors in FIG. 11. 

FIGS. 13A and 13B show another example of a single 
mode WGM resonator formed on a rod and the corresponding 
measured spectra. 

DETAILED DESCRIPTION 

Most reported WGM resonators are multi-mode WGM 
resonators that simultaneously support multiple WG modes. 
The optical spectra of multi-mode WGM resonators have 
multiple peaks from different modes. Each WG mode mani- 
fests as a series or family of periodic resonance peaks in the 
spectrum of the resonator. When multiple WG modes are 
present, the resonator has a spectrum with overlapped differ- 
ent families of periodic resonance peaks. For many optical 
applications, such multi-mode spectra are not desirable. The 
high mode densities of multimode spherical and cylindrical 
WGM resonators are limited in their applications in optical 
science and technology. Light sent into these multimode 
WGM resonators occupies a large multiplicity of overlapping 
and possibly interacting modes, thus complicating device 
performance and limiting the accuracy of physical measure- 
ments. A single mode WGM resonator is desirable in may 
applications . For example, a resonant optical modulator many 
be preferably configured to have only one fundamental spec- 
trum to maximize the modulator efficiency. Also, an optical 
WGM resonator filter may be preferably configured to have a 
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single resonance mode to achieve optical filtering. A single 
mode WGM resonator can produce a clean spectrum with 
equidistant peaks and can be useful in the above and a wide 
range of optical applications. Various optical dielectric mate- 
rials may be used to construct single mode WGM resonators 5 
described in this application, such as crystal materials and 
non-crystal materials. Some examples of suitable dielectric 
materials include fused silica materials, glass materials, 
lithium niobate materials, and calcium fluoride materials. 

WGM resonators are axially or cylindrically symmetric to 
around a symmetry axis around which the WG modes circu- 
late in a circular path or the equator. The exterior surface of 
such a resonator is smooth and provides spatial confinement 
to light around the circular plane to support one or more WG 
modes. The exterior surface may be curved toward the sym- 15 
metry axis to spatially confine the light along the symmetry 
axis. A single mode WGM resonator may be shaped sym- 
metrically around a symmetry axis and has a protruded belt 
region to form a circular path to confine light in a single MG 
mode. The exterior surface of the protruded belt region may 20 
be any suitable geometrical shape such as a flat surface or a 
curved surface. Such a single-mode WGM resonator may be 
configured in any suitable physical size for a given wave- 
length of light. In many applications, miniaturized single- 
mode WGM resonators may be preferred and one or more 25 
miniaturized single-mode MGM resonators may be inte- 
grated on a substrate. 

As one example, a single-mode WGM resonator may be 
constructed from a cylindrical rod of an optical material com- 
prising a protruded belt region symmetric around a longitu- 30 
dinal axis of the cylindrical rod (i.e., the symmetry axis) to 
form an optical resonator. The height of the protruded belt 
region along the longitudinal axis is set to be sufficiently 
small so that the protruded belt region supports a single whis- 
pering gallery mode circulating around the protruded belt 35 
region. The height of the protruded belt region has a lower 
threshold below which no WG mode exists and a higher 
threshold above which two or more WG modes co-exist. 
Therefore, the height of the protruded belt region is set 
between the above two thresholds to maintain a single WG 40 
mode. 

The profile of the exterior surface of the protruded belt 
region may be selected from a number of geometrical shapes, 
e.g., spherical, spheriodal, flat and others. FIGS. 1, 2, and 3 
illustrate three exemplary geometries of curved exterior sur- 45 
faces for implementing single mode WGM resonators. 

FIG. 1 shows a spherical WGM resonator 100 which is a 
solid dielectric sphere. The sphere 100 has an equator in the 
plane 102 which is symmetric around the z axis 101. The 
circumference of the plane 102 is a circle and the plane 102 is 50 
a circular cross section. A WG mode exists around the equator 
within the spherical exterior surface and circulates within the 
resonator 100. The spherical curvature of the exterior surface 
around the equator plane 102 provides spatial confinement 
along both the z direction and its perpendicular direction to 55 
support the WG modes. The eccentricity of the sphere 100 
generally is low. 

FIG. 2 shows an exemplary spheriodal microresonator 200 . 
This resonator 200 may be formed by revolving an ellipse 
(with axial lengths a and b) around the symmetric axis along 60 
the short elliptical axis 101 (z). Therefore, similar to the 
spherical resonator in FIG. 1, the plane 102 in FIG. 2 also has 
a circular circumference and is a circular cross section. Dif- 
ferent from the design in FIG. 1, the plane 102 in FIG. 2 is a 
circular cross section of the non-spherical spheroid and 65 
around the short ellipsoid axis of the spheroid. The eccentric- 
ity of resonator 100 is (1 -b 2 /a 2 ) 1/2 and is generally high, e.g., 
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greater than 1 0“ 1 . Hence, the exterior surface is the resonator 
200 is not part of a sphere and provides more spatial confine- 
ment on the modes along the z direction than a spherical 
exterior. More specifically, the geometry of the cavity in the 
plane in which Z lies such as the zy or zx plane is elliptical. 
The equator plane 102 at the center of the resonator 200 is 
perpendicular to the axis 101 (z) and the WG modes circulate 
near the circumference of the plane 102 within the resonator 
200 . 

FIG. 3 shows another exemplary WGM resonator 300 
which has a non-spherical exterior where the exterior profile 
is a general conic shape which can be mathematically repre- 
sented by a quadratic equation of the Cartesian coordinates. 
Similar to the geometries in FIGS. 1 and 2, the exterior 
surface provides curvatures in both the direction in the plane 
102 and the direction of z perpendicular to the plane 102 to 
confine and support the WG modes. Such a non-spherical, 
non-elliptical surface may be, among others, a parabola or 
hyperbola. Note that the plane 102 in FIG. 3 is a circular cross 
section and a WG mode circulates around the circle in the 
equator. 

The above three exemplary geometries in FIGS. 1, 2, and 3 
share a common geometrical feature that they are all axially 
or cylindrically symmetric around the axis 101 (z) around 
which the WG modes circulate in the plane 102. The curved 
exterior surface is smooth around the plane 102 and provides 
two-dimensional confinement around the plane 102 to sup- 
port the WG modes. 

Notably, the spatial extent of the WG modes in each reso- 
nator along the z direction 101 is limited above and below the 
plane 102 and hence it may not be necessary to have the 
entirety of the sphere 1 00, the spheroid 200, or the conical 
shape 300. Instead, only a portion of the entire shape around 
the plane 102 that is sufficiently large to support the whisper- 
ing gallery modes may be used to for the WGM resonator. For 
example, rings, disks and other geometries formed from a 
proper section of a sphere may be used as a spherical WGM 
resonator. 

FIGS. 4A and 4B show a disk-shaped WGM resonator 400 
and a ring-shaped WGM resonator 420, respectively. In FIG. 
4A, the solid disk 400 has a top surface 401 A above the center 
plane 102 and a bottom surface 401B below the plane 102 
with a distance H. The value of the distance H is sufficiently 
large to support the WG modes. Beyond this sufficient dis- 
tance above the center plane 102, the resonator may have 
sharp edges as illustrated in FIGS. 3, 4A, and 4B. The exterior 
curved surface 402 can be selected from any of the shapes 
shown in FIGS. 1, 2, and 3 to achieve desired WG modes and 
spectral properties. The ring resonator 420 in FIG. 4B may be 
formed by removing a center portion 410 from the solid disk 
400 in FIG. 4A. Since the WG modes are present near the 
exterior part of the ring 420 near the exterior surface 402, the 
thickness h of the ring may be set to be sufficiently large to 
support the WG modes. 

.An optical coupler is generally used to couple optical 
energy into or out of the WGM resonator by evanescent 
coupling. FIGS. 5A and 5B show two exemplary optical 
couplers engaged to a WGM resonator. The optical coupler 
may be in direct contact with or separated by a gap from the 
exterior surface of the resonator to effectuate the desired 
critical coupling. FIG. 5A shows an angle-polished fibertip as 
a coupler for the WGM resonator. A waveguide with an 
angled end facet, such as a planar waveguide or other 
waveguide, may also be used as the coupler. FIG. 5B shows a 
micro prism as a coupler for the WGM resonator. Other 
evanescent couplers may also be used, such as a coupler 
formed from a photonic bandgap material. 
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Single mode WGM resonators described in this application 
use spatial protruded structures to confine light into a single- 
WG mode. To a certain extent and as one way to assist the 
understanding of the underlying mechanism, such spatial 
confinement in single mode WGM resonators may be analo- 5 
gous to the optical confinement by the optical cladding in 
well-known single mode fibers. Single mode fibers are usu- 
ally fabricated with a core having slightly higher refractive 
index than the refractive index of the cladding so only one 
mode in a chosen optical frequency range can survive and to 
other modes are suppressed. 

FIG. 6 A illustrates a WGM resonator formed in a pro- 
truded belt region 620 on a cylindrical rod 610. The rod 610 
has a symmetry axis 630. A simple WGM resonator can be 
formed in the rod 610 with the straight side cylindrical sur- 15 
face. Such a WGM resonator supports multiple WG modes 
that circulate around the cylindrical surface in a circular plane 
that is centered at an intersection with the symmetry axis 630. 
The protruded belt region 620 introduces additional spatial 
confinement that is not available from the straight side cylin- 20 
drical surface of the rod 610. For example, in one aspect, the 
protruded belt region 620 adds one more virtual dimension w 
along the symmetry axis 630 (z) to the resonator’s geometry 
and provides an effective optical cladding when WGM reso- 
nators are treated as three dimensional waveguides with spe- 25 
cific refractive index distributions. 

As an analogy, consider a WGM resonator in a two dimen- 
sional, planar waveguide where light is being transferred 
from point a to point b as in a fiber shown in FIG. 6B. The light 
traveling around the axis of the real resonator experiences a 30 
delay in the planar waveguide. This delay is determined by the 
refractive index and the [a,b] distance. Next, let us introduce 
to the WGM resonator in FIG. 6A an effective index of 
refraction n(z) that depends on the coordinate z. The refrac- 
tive index of such a waveguide depends not only on refractive 35 
index n of the actual resonator (n=l .45 in silica, for instance) 
but also on the local radius R of the resonator in FIG. 6A as 
follows: 


where the function y (z) is dictated by the geometrical shape of 45 
the protruded belt region 620. Three examples for the pro- 
truded belt region 620 are ( 1 ) the protruded belt region 620 is 
the equator region of a sphere, (2) the protruded belt region 
620 is the equator region of a torus or spheroid and (3) the 
protruded belt region 620 is a disk with a straight exterior side 50 
surface. In the example (1), 


which can be described as a regular grin lens when the pitch 
is equal to one. Such a waveguide can be a multimode reso- 
nator without the specific configuration of the belt region 60 
described below. In the example (2) for the torus shape. 


where F is a linear scaling factor determined by the specific 
torus shape. Again, this waveguide can be a multimode reso- 
nator without the specific configuration of the belt region 
described below. In the example (3), we have just the same 
high pitch waveguide but with the walls and the waveguide 
supports multiple modes. The waveguide can be configured 
as a single mode waveguide if the disk thickness is reduced to 
about k/2 where k is the wavelength of the light to be con- 
fined. 

As a specific example, consider specifically a waveguide 
with An=2xl0 -3 and core width of 9 pm for supporting a 
single mode at the optical wavelength of 1550 nm. FIG. 7 
shows a WGM resonator formed in the protruded belt region 
620 in the rod 610 that produce the above waveguide param- 
eters, thus mimicking a single mode fiber. The depth of the 
belt region 620 along the symmetry axis of the rod 610 can be 
estimated as d=RAn where R is the radius of the rod 61 0 . Such 
a geometry of the resonator has a number of features. First, 
the virtual refractive index step An does not depend on the 
refractive index of the material of the rod 610 but can be 
adjusted by the shape and dimension of the belt region 620. 
Second, for resonators made out of a crystal or other material 
with a high refractive index, the virtual refractive index step A 
n does not depend on the coating of the external surface of the 
resonator. Third, the resonator in FIG. 7 has two kinds of 
evanescent fields at the air-dielectric material boundary and 
the belt-rod boundary, respectively. 

Hence, in the designs shown in FIGS. 6A and 7, the virtual 
refractive index along the symmetry axis of the rod may be 
manipulated by controlling the shape and dimension of the 
protruded belt region in design and fabrication. This manipu- 
lation changes a scale of the evanescent field along the sym- 
metry axi s of the rod and the resultant WGM resonator may be 
designed to provide efficient coupling specifically tailored for 
a particular optical field. For example, an evanescent field 
with a spatial extent of 1 0 pm or longer may be coupled using 
such a resonator along the symmetry axis. This makes full 
contact critical coupling more rigid and allows for easy tuning 
of the coupling efficiency. This control of the spatial confine- 
ment of the light along the symmetry axis direction of the 
resonator to achieve a single mode operation in the WGM 
resonator is analogous to the spatial confinement in a single 
mode fiber via the index variation from the fiber core to the 
fiber cladding. 

As an example of a single mode WGM resonator, a lithium 
niobate rod of 8000 pm diameter, which is a multi-mode 
WGM resonator, can be processed as a single mode WGM 
resonator by having a protruded belt region of 5 pm in depth 
along the symmetry axis of the rod and 9 pm in width along 
the radial direction. A crystal-made single mode WGM reso- 
nator may be fabricated as a thick disk with a flat rim. The flat 
rim is fabricated to have a protruded bump as the protruded 
belt region for the single-mode operation. FIG. 6A illustrates 
an example. The fabrication may be achieved by using, e.g., 
lathe and specifically shaped diamond cutters. FIG. 8 shows 
the measured optical spectra of a lithium niobate single-mode 
WGM resonator at the optical wavelength of 1550 nm under 
two different optical coupling conditions. 

As another example of a single mode WGM resonator, a 
fused silica rod of 125 pm in diameter is fabricated with a 
protruded belt region in the configuration similar to what is 
illustrated in FIG. 7 as a single mode WGM resonator. FIG. 9 
shows the measured output spectrum of this single mode 
WGM resonator (top trace) in comparison with a Fabry-Perot 
etalon spectrum (bottom trace) as a frequency reference. 

The technique outlined above for achieving a single mode 
operation in a WGM resonator generates an effective refrac- 
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tive index contrast by shaping the geometry of a WGM reso- 
nator. With this technique single and multiply-coupled WGM 
resonators can be designed for a wide variety of applications. 
Some examples of the applications include observing phase 
transitions in liquids, monitoring microfluidic flow, measur- 5 
ing the chemical composition of dilute solutions, and creating 
devices such as nonlinear oscillators, high order filters, delay 
lines, modulators, and other devices for use in fundamental 
studies in quantum optics. Hie following sections describe 
detailed analysis on the designs for the protruded belt region to 
in a single mode WGM resonator. Once again, the analogy to 
single mode fibers is used to assist the understanding the 
function and operation of the protruded belt region in the 
described single mode WGM resonators. 

Referring to FIG. 10A, a homogeneous dielectric 15 
waveguide becomes single-mode when the frequency of the 
propagating light is close to its cut-off frequency. This means 
that the thickness of the waveguide approaches the half- wave- 
length of light in the host material of the waveguide. In actual 
devices, it may be impractical to fabricate a single-mode 20 
optical fiber by decreasing the fiber diameter. Instead, the 
single mode operation is ensured by the specially selected 
radial profile of the refractive index of the fiber material. The 
core of the fiber has a larger index of refraction than the 
cladding material that surrounds it. The difference of the 25 
indices is small, so only one mode propagates inside the core, 
while the others decay into the cladding. For instance, the 
condition for the single mode operation of a planar waveguide 
is 


A 

2VaT' 


where d co is thickness of the core, X is wavelength of light in 
vacuum, and AE is the difference between the susceptibilities 
of the core and the cladding material, respectively. As a result, 
the core may have a reasonably large diameter. Note that the 
core of a single-mode fiber is a multi-mode fiber if the clad- 40 
ding is removed. 

Turning to FIG. 10B, consider a multimode WGM resona- 
tor as a multi-mode gradient waveguide. The resonator 
becomes an ideal single-mode-family resonator only if the 
waveguide is sufficiently thin to suppress all other modes 4: ' 
except one single mode. Following this approach the WGM 
resonator should be designed as an approximately half- wave- 
length-thick torus to support a single mode family. Recent 
experiments confirmed this conclusion. 

There is another, nontrivial, approach to the problem based 50 
on the analogy with a single-mode optical fiber. We show here 
that a WGM resonator made of any transparent material with 
any size can be transformed into a single-mode resonator if 
the appropriate geometrically defined core and cladding are 
developed. 

To show that WGM modes can be described using a 
waveguide formalism, we start with the usual wave equation 
for the light in the WGM resonator: 

Ax(Ax£) (I, 60 

where k=w/c is the wave number, E(r) is the coordinate 
dependent dielectric susceptibility, E is the electric field of the 
mode, and r is the radius vector. 

Higher-order WGMs, i.e., modes with the wavelength 65 
much smaller than the resonator size of both TE and TM 
kinds, are localized in the vicinity of the equator of the WGM 
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resonator. For this problem, cylindrical coordinates can be 
conveniently used. Assume that the resonator radius changes 
as 


R=R 0 +L(z)(R 0 »\L(z)\) 


in the vicinity of the equator, where R 0 is the radius of the 
equator of the WGM resonator without accounting for the 
protruded belt region at the equator and L(z) is the width of 
the protruded belt region along the radial direction. Applying 
the technique of separation of variables, and the above wave 
equation for the TE mode family can be written as 


a 2 E d 2 E 
dr 2 + dz 2 


t‘el+2 


Uzh 
Ro > 


v 2 

T 2 


£ = 0, 


where v is the angular momentum number of the mode (as- 
suming v»l), E(r, z) is the scalar field amplitude, E in the 
susceptibility of resonator material. This equation is similar 
to the gradient waveguide equation. Modes of a spherical 
WGM resonator coincide with modes of a gradient 
waveguide with parabolic distribution of refractive index in 
the z direction. Hence, it is the geometry of the surface that 
should be modified to produce an ideal single-mode WGM 
resonator. A “core” for the WGM “waveguide” can be real- 
ized by the proper design of the resonator surface in the 
vicinity of the equator. The rest of the resonator body plays 
the role of the “cladding”. FIG. IOC illustrates this design of 
the single mode WGM resonator. 

The spatial confinement along the symmetry axis (the z 
direction) is designed to allow a single WG mode in the 
protruded belt region while suppressing all other WG modes 
that would coexist in absence of the protruded belt region. 
The thickness of the protruded belt region along the z direc- 
tion cannot be too small that all WGM modes are suppressed 
on one hand and cannot be too big, on the other hand, to allow 
for more than one WGM mode. These two conditions present 
two threshold values for the thickness of the protruded belt 
region along the z direction and the thickness of the protruded 
belt region is designed to be between the two thresholds. The 
specific values for the two thresholds depend on the geometry 
of the exterior surface of the protruded belt region, i.e., L(z). 

As a simple example, consider a resonator having a cylin- 
drical drum with a radius of R 0 and a small, ring like protru- 
sion, L(z)=L 0 is a constant for diSziSO on its exterior surface. 
It is further assumed that the drum’s effective susceptibility 
does not depend on the z coordinate and is equal to E. The 
effective susceptibility of the ring, E(1+2L 0 /R 0 ), is slightly 
larger. Therefore, the ring is the core that confines the light in 
the z direction, while the drum is the cladding. The condition 
for “single mode” operation of the resonator is: 




1 



This condition defines the lower and upper thickness or height 
threshold values for the protruded belt region under the single 
mode operation and stays valid for a resonator with an arbi- 
trary radius. Both the width and the height of the ring can be 
much larger than the wavelength of light. The ratio L 0 /R 0 
plays the same role as the ratio AE/E in an optical fiber. 

To demonstrate the single-mode operation experimentally, 
a resonator was built by using a 2-step fabrication process. 
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The first step is a diamond turning process, which employs 
computer control of a precision lathe. In our diamond turning 
setup we used an air bearing to achieve the required stiffness 
and repeatability of workpiece rotations. A commercial 
brushless motor and a magnetic clutch were used to rotate the 5 
bearing. The structures obtained at this step are engineered to 
about 40 nm precision and have optical Q factors of up to 1 0 7 . 

If higher Q factors are needed, additional optical polishing 
must be performed. This polishing step naturally leads to the 
modification of the structure initially obtained by the dia- to 
mond turning process. 

The optical polishing is performed by application of a 
polycrystalline diamond slurry. The optimal size and type of 
the grains as well as the speed of rotation depend on the 
material being polished. The optical Q factor of the resonators 15 
after the second fabrication step can be limited by contribu- 
tions from bulk losses, radiation leakage, and surface losses. 

We have shown that bulk losses are the main restriction on the 
quality factor. Ultimately, CaF 2 resonators could have Q fac- 
tors of the order of 10 14 ; practically Q=2xl0 RI was realized. 20 

A monocrystal fluorite rod of 5 mm in diameter was fab- 
ricated. WGMs in such a rod have extremely dense spectra. 
After a small ring-like protruded belt region with dimensions 
of the order of several microns was fabricated on the surface, 
the resonator spectrum changed drastically. Referring to FIG. 25 
11, FIG. 11A shows the scanning electron microscope (SEM) 
image of the fluorite resonator formed on a fluorite rod. FIG. 
11B shows a detailed SEM image of the protruded belt region 
in FIG. 10A. FIG. 11C shows the intensity map of the con- 
fined light in the single mode resonator simulated by numeri- 30 
cal solution of the wave equation. 

FIG. 11A shows two protruded belt regions are formed on 
the same fluorite rod where the top belt is a single mode WGM 
resonator 1110 and the bottom belt is a multimode WGM 
resonator 1020. Measurements from both resonators were 35 
obtained at the optical wavelength of 1550 nm. 

FIG. 12 shows the measured spectra of the two WGM 
resonators in FIG. 11A. FIG. 12A shows the measured spec- 
trum of the single mode WGM resonator 1110 where the 
low-Q peaks in the background are caused by the modes of 40 
the drum itself. We used an angle polished fiber to couple light 
into the resonators. FIG. 12B shows the spectrum of the 
multimode WGM resonator 1120 under the same coupling 
condition. The measurements suggest that the coupling does 
not affect the observed mode structure. 45 

The resonator 1110 has a single TE and a single TM mode 
families. A single TM mode family was selected by the polar- 
ization of incoming light in the measurement shown in FIG. 
12A. We confirmed that this was a single mode resonator by 
i) making high-sensitivity logarithmic measurement of its 50 
spectrum, and ii) performing numerical simulation of its 
parameters which clearly demonstrated that only the funda- 
mental modes survive. Q factors of both families of modes 
shown in FIG. 12A are on the order of 10 7 . The particular 
resonator’s Q-factor was limited by residual surface rough- 55 
ness. 

FIGS. 13A and 13B show another example of a single 
mode WGM resonator formed from a monocrystal fluorite 
rod of about 0.15 nun in diameter. A single mode WGM 
resonator was fabricated on the rod by forming a ring bump of 60 
several microns on the rod surface. FIG. 13B(a) shows the 
measured spectrum of the single mode WGM resonator 
shown in FIG. 13 A when the belt was first fonned. This is not 
an ideal single-mode spectrum. Next, the ring bump was 
further shaped and polished into a trapezoid cross section 65 
with a 19-micron base and a 6-micron top. The height of the 
ring bump along the symmetry axis of the rod is 6.6 microns. 
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FIG. 13B(b) shows the measured spectrum of the finalized 
single-mode resonator. The Q factors in both measured spec- 
tra in FIG. 13B are above 2xl0 9 . 

The present technique allows for fabrication of a single- 
mode optical WGM resonator of any size. For example, a 
resonator the size of an apple requires a ring with dimension 
of tens of microns for single mode propagation of one micron 
wavelength light. This is counter-intuitive because the size of 
the single-mode channel is much larger than the wavelength. 
For practical applications, small resonators are preferred for 
engineering of microcavity spectra and for integrated devices 
with microresonators. 

The spectral behaviors of single mode WGM resonators 
described have are largely dictated by the geometry of the 
protruded belt region. Hence, such WGM resonators may be 
used for single mode operations for other electromagnetic 
waves outside the optical spectrum. For example, single 
mode WGM resonators for microwave signals may also be 
made based on the structural designs described in this appli- 
cation. 

Only a few implementations are disclosed. However, it is 
understood that variations and enhancements may be made. 

What is claimed is: 

1. A device, comprising: 

a cylindrical rod of an optical material comprising a pro- 
truded belt region symmetric around a longitudinal axis 
of the cylindrical rod to form an optical resonator, 
wherein a height of the protruded belt region along the 
longimdinal axis is set to be sufficiently small so that the 
protruded belt region supports a single whispering gal- 
lery mode circulating around the protruded belt region, 
wherein the height and width of the protruded belt region 
are larger than one wavelength of light in the single 
whispering gallery mode. 

2. The device as in claim 1 , wherein the belt region has an 
exterior surface which is spherical. 

3. The device as in claim 1, wherein the belt region has a 
non-spherical exterior surface which is part of a torus. 

4. The device as in claim 1, wherein the cylindrical rod is 
made of lithium niobate and has a diameter of 8000 microns, 
and wherein the protruded belt region has a height of 5 
microns and protrudes 9 microns from a cylindrical side 
surface of the cylindrical rod to support a single whispering 
gallery mode at an optical wavelength of 1550 mil. 

5. The device as in claim 1, wherein the cylindrical rod is 
made of a Ilised silica material. 

6. The device as in claim 1, wherein the cylindrical rod is 
made of a calcium fluoride material. 

7. The device as in claim 1, wherein the cylindrical rod is 
made of a glass material. 

8 . The device as in claim 1, wherein the cylindrical rod is 
made of a lithium niobate material. 

9. The device as in claim I, wherein the height of the 
protruded belt region along the longitudinal axis is set to be 
greater than a first height threshold below which the pro- 
truded belt region does not support any whispering gallery 
mode, and less than a second height threshold above which 
the protruded belt region supports at least two whispering 
gallery modes. 

10. The device as in claim 1, further comprising an optical 
coupler positioned relative to the protruded belt region to 
evanescently couple light. 

11. A device, comprising: 

a whispering-gallery-mode resonator shaped symmetri- 
cally around a symmetry axis and having an equator in a 
circular cross section of the resonator that is perpendicu- 
lar to the symmetry axis, 
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wherein the resonator is shaped to comprise a protruded 
belt region at the equator and a height of the protruded 
belt region along the symmetry axis is set between a first 
height threshold and a second height threshold to sup- 
port energy in a single whispering gallery mode and 5 
wherein the height and width of the protruded belt region 
are larger than one wavelength of light in the single 
whispering gallery mode, and 

wherein the protruded belt region does not support any 
whispering gallery mode when the height of the pro- to 
traded belt region is less than the first height threshold, 
and the protruded belt region supports at least two whis- 
pering gallery modes when the height of the protruded 
belt region is greater than a second height threshold. 

12 . The device as in claim 11 , wherein the resonator is 15 
made of an optical dielectric material. 

13 . The device as in claim 11 , wherein the resonator is 
made of a calcium fluoride material. 

14 . The device as in claim 11 , wherein the resonator is 
made of a lithium niobate material. 
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15 . The device as in claim 11 , wherein the resonator is 
made of a glass material. 

16 . The device as in claim 11 , wherein the resonator is 
made of a fused silica material. 

17 . The device as in claim 11 , wherein the belt region has 
an exterior surface which is spherical. 

18 . The device as in claim 11 , wherein the belt region has 
a non-spherical exterior surface. 

19 . The device as in claim 11 , wherein the belt region has 
an exterior surface that is part of a spheroid. 

20 . The device as in claim 11 , further comprising an optical 
coupler to couple an electromagnetic wave signal into the 
single whispering gallery mode in the protruded belt region. 

21 . The device as in claim 11 , wherein the energy is an 
optical signal. 

22 . The device as in claim 11 , wherein the energy is a 
microwave signal. 



